Abstract: Poly(ethylene 2,5-furanoate) (PEF) is arousing great interest as a biobased alternative to plastics like poly(ethylene terephthalate) (PET) due to its wide range of potential applications, such as food and beverage packaging, clothing, and in the car industry. In the present study, the hydrolysis of PEF powders of different molecular masses (Mn = 55, Mw = 104 kg/mol and Mn = 18, Mw = 29 kg/mol) and various particle sizes (180 < d and 180 < d < 425 μm) using cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) was studied. Thereby, the effects of molecular mass, particle size and crystallinity on enzymatic hydrolysis were investigated. The results show that particles with lower molecular mass are hydrolyzed faster than those with higher masses, and that the higher the molecular mass, the lower the influence of the particle size on the hydrolysis. Furthermore, cutinases from Humicola insolens (HiC) and Thc_cut1 were compared with regard to their hydrolytic activity on amorphous PEF films (measured as release of 2,5-furandicarboxylic acid (FDCA) and weight loss) in different reaction media (1 M KPO pH 8, 0.1 M Tris-HCl pH 7) and at different temperatures (50 °C and 65 °C). A 100% hydrolysis of the PEF films was achieved after only 72 h of incubation with a HiC in 1 M KPO pH 8 at 65 °C. Moreover, the hydrolysis reaction was monitored by LC/TOF-MS analysis of the released reaction products and by Scanning Electron Microscopy (SEM) examination of the polymer surfaces. Enzymatic hydrolysis of PEF with Thc_cut1 and HiC has potential for use in surface functionalization and recycling purposes.
Introduction
In 2015, Europe had a plastics demand of 49 million tons. Since plastics are inexpensive, durable and mechanically stable materials, they have a wide area of applications, ranging from clothing and food packaging to the construction, technical and automotive industries. However, some properties, like chemical resistance, which make petrol-based polymers especially attractive also cause disadvantages, like limited or no biodegradability and their consequent accumulation in ecosystems such as oceans and rivers [1] , air pollution by incineration, and a negative impact on human health when entering the food chain [2, 3] . Bioplastics, which refer to both biobased and biodegradable plastics, have gained attention as 'green' alternatives to petroleum-based plastics, while offering similar thermal and mechanical performance. According to European Bioplastics, the global production capacity of bioplastics will increase from around 4.2 million tons in 2016 to approximately 6.1 million tons in 2021. Poly(ethylene terephthalate) (PET) is the most significant polyester in terms of volume, accounting for 950,000 tons annually, worldwide [4] . It is the polyester of choice used for water and soft drink bottling, and its degradability by enzymes like esterases [5, 6] , lipases [6] [7] [8] and especially cutinases [9] [10] [11] [12] [13] has been reported, thus showing potential for recycling purposes. Furthermore, the enzymatic surface functionalization of PET is an environmentally friendly option for a broad range of applications. One example is the replacement of costly and potentially toxic chemicals with PET fiber treatment to generate the necessary concentration of nucleophilic groups on the polymer in the course of tire reinforcement [14] . In textile production, the enzymatic treatment of synthetic fibers improves hydrophilicity, which makes the textile more suitable to be in contact with the human skin [15] . The chemical reactivity of PET surfaces also can be improved by enzymatic hydrolysis. This enables the coupling of bioactive molecules suitable for medical applications [16] . Nevertheless, PET hydrolysis by enzymes is a relatively slow process, since the biocatalysts are specialized to attack natural polyesters like cutin and were not designed by nature for degrading manmade synthetic polyesters in the first instance.
To enhance their efficiency on synthetic polyesters, the molecular properties of enzymes can be engineered. Genetic modifications of a cutinase from Fusarium solani pisi, with the purpose of enlarging the active site, resulted in up to a five-fold activity increase for PET fibers when compared to the wild type. This is due to the fact that the large polymer fits better in the modified active catalytic structure of the altered biocatalyst. Another key factor for the hydrolytic activity of an enzyme is the surface hydrophobicity. Before the catalysis of a fiber, a pre-adsorption of the enzyme on the solid substrate is assumed. Since PET fibers are mostly hydrophobic, the enzyme's total hydrophobic surface affects the binding on the substrate and thus the hydrolytic efficiency [17, 18] .
Furthermore, the presence of additives like detergents or plasticizers in the reaction significantly influences the enzymatic hydrolysis of polymers. Triton X-100 enhances conformational changes like the lid-opening of lipase from Thermomyces lanuginosa, resulting in a seven-fold increase in overall degradation products. Plasticizers reduce inter chain interactions of PET, resulting in enhanced chain mobility and, therefore, in better exposure of the outer layers of the polymer to the enzyme [19] .
Despite the fact that attempts have been made to produce PET from ethylene glycol (EG) deriving from renewable resources, the terephthalic acid (TA) component is 100% petrol-based since biobased TA is still in the research stage [20] . A potential 'green' substitute for TA is 2,5-furandicarboxylic acid (FDCA), which is a biobased building block that can be polymerized with (biobased) monoethyleneglycol (MEG) to form a 100% biobased polyester, poly(ethylene 2,5-furanoate) (PEF).
In comparison to PET, PEF offers superior barrier properties and attractive thermal properties, i.e., processability at lower temperatures due to a lower melting temperature (Tm), and the ability to withstand high temperatures due to a higher glass transition temperature (Tg) [21, 22] . Burgess and coworkers investigated PET and amorphous PEF films (molecular weight of 182 g/mol) with regard to their gas permeability by complementary pressure-decay sorption and permeation techniques. The transport properties of carbon dioxide in PET and PEF were compared and quantified in terms of the Barrier Improvement Factor, calculated by the permeability of carbon dioxide in PET divided by the respective carbon dioxide permeability in PEF. Significant reduction of carbon dioxide permeability has been reported of up to 19-fold at 35 °C and 1 atm [23] , as well as a drastic decrease of oxygen permeability [24] . These properties make PEF an attractive alternative to PET, especially for use as bottles and films in food packaging.
In addition to the numerous reports on PEF synthesis and characterization [25] [26] [27] , to date there has only been one report on the enzymatic hydrolysis of the polymer. PEF powders with various molecular weights (6, 10 and 40 kDa) were hydrolyzed using Thermobifida cellulosilytica cutinase 1 as catalyst with the FDCA and oligomer release profile, and were investigated via Liquid chromatography/electrospray/time-of-flight mass spectrometry (LC-MS/TOF) analysis. The enzyme was active on all tested substrates, but the crystallinity of the polymers was not taken into account [28] . In the present work, the hydrolysis of PEF powders of various particle sizes, various molecular masses and defined crystallinity was studied using cutinase from Thermobifida cellulosilytica and Humicola insolens. Enzymatic degradation of PEF films under different conditions, varying temperature, media and pH, was investigated in order to identify the conditions for a 100% enzymatic degradation of PEF for recycling purposes.
Results and Discussion

Enzymatic Hydrolysis of PEF Powders
The hydrolysis of poly(ethylene 2,5-furanoate) (PEF) powders of different particle sizes, crystallinities and molecular masses was carried out using cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) as biocatalyst. This enzyme was selected from among the variety of hydrolases available in our laboratory since it had previously been reported to hydrolyze both aliphatic poly(lactic acid) and poly(butylene succinate) (PLA, PBS) [13, 29] and aromatic (PET, PEF) polyesters [30, 31] . Figure 1 shows the time course hydrolysis reaction of the four different powders. Already after 24 h of reaction, faster hydrolysis of the amorphous powders with lower molecular masses (C and D, Figure 1 , reaction F) was seen when compared to the samples with a Mn of 55 and a Mw of 104 kDa and a crystallinity of 46% (A and B, Figure 1 , reaction E).
After 96 h of reaction, the amount of released FDCA for powder A (1.6 mM) was almost double that for powder B (0.9 mM), despite both powders having 46% crystallinity. This is a clear proof that powders having a lower particle size are hydrolyzed faster due to the fact that more surface area is accessible to the enzyme. Regarding powders C and D, a similar hydrolysis profile was observed after 96 h, with around 2.5 mM of released FDCA, therefore indicating that powder size has a minor impact in the hydrolytic degradation when the polymer has lower molecular masses (Mn= 18, Mw= 29 kDa) and crystallinity. We can conclude that particle size seems to have a minor impact when using low-molecular-weight amorphous PEF powders, and that the higher degree of hydrolysis of sample C and D is related to the low molecular weight and non-crystallinity of the samples. As previously reported for experimental PEF samples produced in our laboratory, based on their specific mechanism, biocatalysts can act in an exo-or endo-acting manner, thereby releasing, in the case of PEF, FDCA, together with several other oligomeric substances [28] . Also, in this case, a release profile consisting of FDCA and various soluble oligomers was observed (see details in Section 2.2). Table 1 for powders characterization details) with different molecular weights (104 kDa (E)/29 kDA (F)), particle sizes (d < 180 μm (A, C)/180 < d < 425 μm (B, D)) and crystallinities (46% (E)/amorphous (F)). No release products were detected in control reactions. All experiments were performed in triplicates.
Enzymatic Hydrolysis of PEF Films
After the successful hydrolysis of the various PEF powders, the enzymatic degradation of amorphous PEF films was investigated using two different enzymes; namely, cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) and cutinase from Humicola insolens (HiC). The reaction was studied using two different buffers (0.1 M Tris-HCl pH 7 and 1 M KPO pH 8) and two different reaction temperatures (50 °C and 65 °C). The buffer and temperature selection derived from recent publications describing the efficient hydrolysis of PBS and PET using similar fungal-derived cutinases [13, 31, 32] .
As expected, a higher enzymatic activity was observed at the highest reaction temperature, i.e., 65 °C. This is due to the fact that reaction temperatures close to the polymers' Tg increase the mobility of the polymer chains, thereby facilitating the enzymatic attack, as also previously reported for PET [31] . As shown in Figure 2 , after 24 h of incubation at 65 °C, 3.1, 1.9, 1.6 and 3.4 mM FDCA was released from reactions G (Thc_cut1, Tris-HCl), H (HiC, Tris-HCl), I (Thc_cut1, KPO) and J (Thc_cut1, KPO), respectively. An almost linear increase in the amount of FDCA was observed until 96 h of hydrolysis for each reaction, except for G and H at 65 °C, where the reaction seemed to stagnate after only 24 h. Based on the data, HiC showed the highest hydrolytic activity on amorphous PEF films in 1 M KPO buffer pH 8 at 65 °C (12.8 mM released FDCA after 96 h). The unsuitability of the TRIS buffer for enzymatic hydrolysis when a total degradation of the polymer to its constituent monomers is desired has already been observed for aromatic polymers such as PET [32] and aliphatic polyesters (PBS and PHBV) [33] . The release of FDCA shown in Figure 2 (see also Table S1 ) correlates well with the weight-loss measurements shown in Figure 3 (see also Table S2 ). Already after only 24 h of incubation, the samples of reaction J at 65 °C show a weight loss of 43%, and after 72 h, the PEF films were completely hydrolyzed to FDCA and water-soluble oligomers. In contrast, the other reactions at this temperature show much lower weight losses in the ranges of 4-6.1 (reaction G), 7.3-8.7 (reaction H) and 11.3-55.3% (reaction I). The weight losses of reactions H and J at 50 °C are clearly lower than at 65 °C; and for reactions G and I, no significant changes were detected when Thc_cut1 was used as catalyst (no data are shown in Figure 3 (reactions G-I) under 50 °C). Moreover, at 50 °C the values for reaction H are lower than for reaction J, despite the fact that there was a higher amount of released FDCA for reaction H at this temperature (see Figure 2 ). This suggests a different endo-/exo type of hydrolysis preference for the biocatalysts when different reaction media and different temperatures are used. Furthermore, although the PEF films had already been 100% degraded to soluble compounds, the amount of released FDCA was still increasing between 72 and 96 h in reaction J at 65 °C when HiC was used as catalyst. This suggests that the enzyme not only hydrolyzes the films, but also degrades the oligomers produced in the solution to monomers. In order to confirm this release pattern, LC-MS/TOF analysis of the soluble products released by HiC in 1 M KPO pH 8 buffer at 65 °C over time was carried out. After 24 h, several different oligomers-namely FDCA-EG, EG-FDCA-EG, FDCA-EG-FDCA, 2FDCA-2EG (see Table S3 for oligomers structure details)-were present in the sample, while only dimers and trimers were left after 48 h. The highest number of dimers was found after 72 h, at which point no other oligomers were detectable; and after 96 h, not only had the PEF films been 100% degraded, but also >95% of the oligomers had been completely hydrolyzed to monomers, as shown in Figure 4 . Our findings are perfectly aligned with the previous data collected on PET degradation, where taking particle size and crystallinity of the various PET materials into consideration had a tremendous effect on the enzymatic degradation of the polymer [31] . In addition to High Performance Liquid Chromatography (HPLC) and LC-MS/TOF analysis, scanning electron microscopy analysis of the PEF films surface was performed after 48 h of hydrolysis. From Figure 5 , it is possible to observe that, when compared to the blanks, PEF films show a clear degradation pattern in all tested conditions. Interestingly, HiC produces similar surfaces with sharp edges at 50 °C in Tris-HCl and at 65 °C in KPO, while fiber-like structures were observed at 65 °C when Tris-HCl was used, or smoother globular-shaped surfaces at 50 °C when KPO was used. These results show the great importance of finding suitable reaction conditions when specific enzymatic surface functionalizations of the polymer are desired [20, 34] . 
Materials and Methods
Chemicals, Reagents and Enzymes
Poly(ethylene 2,5-furanoate) (PEF) powders and films were supplied by Corbion (Amsterdam, The Netherlands). Table 1 shows the molecular weight (Mn and Mw), the polydispersity index (PDI), the diameter and the crystallinity of the powders. The latter was evaluated as the ratio of the enthalpy of melting of the sample measured by Differential Scanning Calorimetry (DCS) (1st heating at 10 °C/min) and the standard melting enthalpy ΔHm° of PEF, estimated as 140 ± 5 J/g according Stoclet et al. [35] . The PEF film samples had a molecular weight of Mn = 25 kg/mol, Mw = 43 kg/mol and a PDI of 1.7. 2,-5-Furandicarboxylic acid (FDCA) and all other chemicals and solvents were purchased from Sigma-Aldrich at reagent grade, and used without further purification if not otherwise specified. Cutinase from Humicola insolens (HiC) was obtained from Novozymes and used as received without further purification. Cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) was produced and purified as previously described [14] .
Esterase Activity and Protein Concentration Assays
Enzymatic activity (PNPB assay) and protein concentration determination according to the BioRad protein assay (Bio-Rad Laboratories GmbH, Vienna, Austria, Catalyst No.: 500-0006) were carried out as previously described [36] .
Poly(ethylene 2,5-furanoate) Powders & Films Hydrolysis
5.0 mg of the PEF powders provided by Corbion were incubated with 1.0 mL of 5 μM of Thc_cut1 in 1 M KPO buffer pH 8. Incubations were conducted in an orbital shaker set at 100 rpm and 50 or 65 °C since good biocatalyst stability and activity over time had been previously reported for these conditions [13, 30, 31] . Blank reactions were carried out in buffer without addition of the biocatalyst. All reactions were performed in triplicate.
PEF film samples of 0.5 × 1.0 cm 2 provided by Corbion were washed 3 times as previously described for PET and PLA films [29, 30] . After washing, the films were incubated with 1.0 mL of 5 μM HiC or Thc_cut1 in 0.1 M Tris-HCl buffer pH 7 or 1 M KPO buffer pH 8 for 24, 48, 72 or 96 h. Incubations were performed with the same settings as the powders. For the films, the % weight loss in the course of the enzymatic reaction was calculated after the washing and drying of the samples (Table 2) . 
High-Performance Liquid Chromatography (HPLC-DAD)
After enzymatic treatment of polyester powders/films the biocatalyst was precipitated with ice cold MeOH. Samples were centrifuged (Hettich MIKRO 200 R, Tuttlingen, Germany) at 14,000 rpm at 0 °C for 15 min. The resulting supernatant was filtered (0.45 μm PTFE filters) and filled in a HPLC vial. For HPLC (Agilent Technologies, 1260 Infinity, Palo Alto, CA, USA) analysis, a reversed phase column C18 (YMC 30, 250 × 4.6 mm ID, S-5 μm) was used. Analysis was carried out using a H2O/MeOH/HCOOH gradient. The flow rate was set to 0.85 mL min −1 and the column was maintained at a temperature of 40 °C. The injection volume was 10 μL. Detection of the analytes was performed with a photodiode array detector (Agilent Technologies, 1290 Infinity II, Vienna, Austria) at a wavelength of 260 nm. A FDCA standard calibration curve treated the same way as samples was also prepared and used for quantification (see Figure S1 ).
Scanning Electron Microscopy (SEM)
The surface morphology of enzymatically hydrolyzed films was observed after 48 h using SEM. A control sample consisting of a PEF film without enzymatic treatment was also measured.
All SEM images were acquired by collecting secondary electrons on a Hitachi 3030TM (Metrohm INULA GmbH, Vienna, Austria) working at Energy Dispersive Xray Spectrom (EDX) acceleration voltage.
LC-MS/TOF Analysis
Samples used for the HPLC analysis were diluted in MeOH and filtered through 0.20 μm PTFE filters. Liquid chromatography/electrospray/time-of-flight mass spectrometry (LC-MS/TOF) in positive ionization mode was used to separate and identify the release products. The analytes were separated using an HPLC (1260 series, Agilent Technologies, Palo Alto, CA, USA) equipped with a reversed-phase C18 rapid resolution column (Waters Xterra, Milford, MA, USA) of 3.0 × 15 mm and 3.5 μm particle diameter. Mobile phase A was mQ H2O with 0.1% formic acid, and mobile phase B consisted of MeOH. Analyses were carried out using a gradient similar to that previously reported [28] . The flow rate was set to 1.0 mL min −1 and the column was maintained at a temperature of 30 °C. The injection volume was 1.0 μL. Detection of the analytes was performed with a photodiode array detector at the wavelength of 254 nm. The HPLC system was connected to a time-of-flight mass spectrometer (6230 TOF LC/MS, Agilent Technologies) equipped with an electrospray interface under the following operating parameters: capillary 3500 V, nebulizer 20 psig, drying gas 10 L min −1 , gas temperature 325 °C, fragmentator 200 V, skimmer 65 V, OCT 1 RF Vpp 750 V. The mass axis was calibrated using the mixture provided by the manufacturer over the m/z 50-3000 range. A second orthogonal sprayer with a solution was used as a continuous calibration using the following reference masses: 121.050873 and 922.009798 m/z. Spectra were acquired over the m/z 100-3000 range at a scan rate of 2 spectra s −1 .
Size Exclusion Chromatography (SEC)
Molecular weights (Mn, Mw) and polydispersity (Mw/Mn) were determined by Size Exclusion Chromatography (SEC) performed on a Malvern Viscotek TDAMax VE2001 (Malvern, UK), equipped with a light scattering detector, viscosity and concentration detectors. Samples were filtered over a 0.45 μm PVDF filter. The eluent was hexafluoroisopropanol (HFiP) + 0.02 M CF3COOK at a flow rate of 0.70 mL/min running at 40 °C over two PSS PFG (Polymer Standard Service) analytical linear M columns. The absolute molecular weights were calculated using multi detector calibration and a narrow PolyCALTMStd-PMMA-65K standard (Malvern, UK).
Conclusions
PEF powders of two different particle sizes (180 < d and 180 < d < 425 μm) and two different molecular weights (Mn = 55, Mw = 104 kg/mol and Mn = 18, Mw = 29 kg/mol) were successfully hydrolyzed using Thc_cut1 in Tris-HCl buffer pH 7. The collected data show that the enzymatic hydrolysis of powders having lower molecular masses and lower crystallinity (C & D) is faster than the hydrolysis of powders with higher molecular masses and crystallinity (A & B). We can conclude that particle size seems to have a minor impact when using low-molecular-weight amorphous PEF powders, and that the higher degree of hydrolysis of sample C and D is related to the low molecular weight and non-crystallinity of the samples.
Amorphous PEF films were hydrolyzed at 50 and 65 °C with cutinase 1 from Thermobifida cellulosilytica (Thc_cut1) (reaction G, reaction I) and cutinase from Humicola insolens (HiC) (reaction H, reaction J), each one in 0.1 M Tris-HCl pH 7 (reaction G, reaction H) and 1 M KPO pH 8 (reaction I, reaction J). Both enzymes are active under the tested conditions, but HiC in 1 M KPO pH 8 at 65 °C (J) clearly shows the highest hydrolytic activity on PEF films, leading to a 100% degradation of the polymer to soluble molecules after only 72 h of reaction. According to LC-MS/TOF analysis, HiC released both FDCA and oligomers, which were further degraded to monomers over time.
Also interesting to note is that, depending on the reaction conditions used, SEM characterization of the PEF films surface underlines the formation of different surface patterns. The fine tuning of enzymatic hydrolysis by controlling various parameters might open up possibilities for both surface functionalization and polymer recycling purposes.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/11/318/s1. Figure S1 : FDCA calibration used for the analysis of molecules released from PEF by the enzymes, Table S1 : HPLC data of released FDCA for the enzymatic hydrolysis performed at 50 and 65 °C with Thc_cut1 and HiC respectively in 0.1 M Tris-HCl pH 7 and 1 M KPO pH 8, Table S2 : weight loss data for the enzymatic hydrolysis performed at 50 and 65 °C with Thc_cut1 and HiC respectively in 0.1 M Tris-HCl pH 7 and 1 M KPO pH 8, Table S3 : LC/TOF-MS detected release products after enzymatic hydrolysis of PEF.
